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Introduction
The performance and the control of anaerobic processes are generally assessed by monitoring different analytical parameters, including chemical oxygen demand (COD). These systems have an organic-matter content supplied by water and suspended solids from waste and biota. However, hardly anything is known about the quality of COD measurements from anaerobic-reactor samples. From a scientific point of view, it is essential to ensure that the data produced are of sufficient trueness and precision to serve as a basis for drawing meaningful conclusions about the performance of reactors and the comparative study among different laboratories.
This contribution is the third research report that deals with the analytical determination of COD using both solid and liquid samples with high concentrations of suspended solids. The first contribution looked at the proposition of a modified analytical method for COD determination [1] , whereas the second focused on the first COD proficiency testing (PT) of the anaerobic digestion groups (1 st COD-PT ADG ), compiling data from laboratories mainly specializing in anaerobic digestion [2] .
The results obtained were unsatisfactory because the majority of the participating laboratories obtained inappropriate performances. This showed the difficulties that lie in determining COD in these types of sample. However the results were not surprising, because laboratories unacquainted with PT schemes invariably fail to produce satisfactory results.
There are several reasons for participating in a PT scheme:
evaluation of the performance and continuous monitoring; evidence of reliable results; identification of problems related to the systematic nature of assays; the possibility of taking corrective and/or preventive measures; evaluation of the efficiency of internal controls; determination of the performance characteristics and validation of methods and technologies; standardization of the activities in the market; and, national and international recognition of assay results [3] .
Despite the fact that a single result in a PT scheme simply reflects the quality of the performance of a laboratory at any given point in time and that the extrapolation from success in a PT scheme in everyday analytical work is an assumption, frequent participation in PT schemes is highly recommended and can help provide insights into the level of quality within a laboratory. Moreover, observing that another laboratory finds approximately the same measurement result from the same measurands provides analysts with great comfort and gives them self-confidence -confirmation always gives a nice feeling.
PT schemes are therefore welcome because they provide a clear, straightforward way of evaluating the accuracy (trueness and precision) of results obtained by different laboratories. The participation in PT is also considered a powerful tool for detecting and removing sources of common errors due to the lack of quality control (QC) within a laboratory.
The 2 nd COD-PT ADG was organized with the aim of comparing the data from both the 1 st and 2 nd COD-PTs and of determining if PT schemes improve the performance of participant laboratories.
Organization of the PT scheme
This study is the second attempt at a worldwide interlaboratory comparison of analytical COD determination using solid samples and liquid samples with high concentrations of suspended solids. These samples are considered to be difficult to analyze and are problematic in the corresponding determinations. The scheme was organized by the ''Reuse of Wastes and Wastewater Treatment Group'', of the Instituto de la Grasa (IG) of the Spanish National Research Council (CSIC). it resembles, as closely as possible, the real samples with which a laboratory routinely works; and, variations in the composition of the samples of the test material distributed to participants are kept to the minimum [5] . The PT material was prepared by the PT coordinator. Although his working laboratory has not implemented a quality system accredited according to ISO 17025, he is very experienced in this field and has been involved in different laboratory QC systems, so all the characteristics that could affect the integrity of the test were taken into consideration, including the homogeneity and the stability of the samples.
Considering that different particle-size fractions of the solid samples dispatched would lead to a lack of homogeneity with respect to COD determination, a control of particle size was carried out by sieving the substrates selected to the desired size.
Taking into account that the moisture content of solidsubstrate samples can vary with ambient humidity, the participants were requested to report results on a dryweight basis.
Samples 3 and 4 were two liquid samples with high concentrations of suspended solids that had to be reconstituted in-laboratory by adding 200 mL of distilled water to the spiked amount of solid content weighed into the containers. All participants were instructed to stir the samples for 1 h before COD analysis and during the sampling procedure.
3.1.3. Characterization of samples. All samples distributed were analyzed in the laboratory of the PT coordinator. Three replicates of different parameters (moisture, organic content and elemental composition) were prepared for each sample. Table 1 summarizes the main characteristics of the samples selected.
Homogeneity of samples.
Immediately after packaging the samples, they were tested for sufficient homogeneity using the standard analytical method developed in the laboratory of the PT coordinator and used on a routine basis. To check for sufficient homogeneity, the protocol devised by Fearn and Thompson [6] was used. In accordance with their approach, three tests were carried out to estimate the corresponding experimental statistical parameters and compared with their theoretical critical values: . 4 Visualization of end-point: spectrophotometrically (SP e ).titration: partial and total titration (PT f /TT g ). 3.1.5. Stability of samples. Materials distributed in PT schemes must be sufficiently stable over the period in which the assigned value needs to be valid. Normally, the period in question is the interval between the preparation of the material and the deadline for the return of results (one month). The material under test should be in the packaging in which it is distributed.
To ensure that the samples used in the 2 nd COD-PT ADG were stable, a stability study was carried out to identify if there was reproducibility of the results with time. The stability study was carried out by applying the values of F, which were calculated applying the one-way analysis of variance (ANOVA) of three randomly selected distribution units from the homogenization study, and it was suggested they be kept at room temperature. The percentages of analytical methods used for OR and CR were therefore 65% and 35%, respectively.
3.2.1.2. Other parameters. Moisture, TS-dry matter and VS-organic matter were determined according to the standard methods 2540B and 2540E-APHA, respectively [7] . Fat content was determined by extraction with hexane using a Soxhlet system [8] . Protein and elemental composition were performed in a LECO CHNS-932 combustion analyzer at 1050°C, using sulfametazine as standard substrate. Theoretical oxygen demand was calculated from the elemental composition according to ISO 10707 [9] . Fiber (neutral detergent fiber, NDF) content was obtained using the method reported by Van Soest [10] . Carbohydrate content was reported by subtraction of fat, protein and lignin contents.
Data treatment
The internationally recommended z-score was used as the performance criteria for participating laboratories whose results were converted into z-scores according to the following equation:
where X EV is the laboratoryÕs experimental value, X AV is the assigned value (estimation of the true value of the measurand that is used for the purpose of calculating scores), and r PT is the fitness-for-purpose-based ''standard deviation for proficiency assessment'', defined as a target value for the acceptable deviation from the assigned value.
This means that the z-score method compares the participantÕs deviation from the reference value with r PT , so the assigned value and the target standard deviation have a critical influence on the calculation of z-scores and must be selected with care if they are to provide a realistic assessment of laboratory performance.
Assigned values.
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Laboratory performance.
The conventional way to evaluate the performance of each laboratory participating in a PT scheme based on z-score values was used. In the interpretation of z-scores, the following agreements were internationally made: z-score 6 AE2 -satisfactory result; z-score > AE3 -unsatisfactory result; and; AE 2 > z-score 6 AE3 -doubtful result: Table 3 summarizes the results obtained in the statistical analysis of homogeneity data, which show that substrates selected as samples passed the statistical homogeneity tests, so they were considered homogeneous enough and suitable to be used in the PT scheme.
Results and discussion

Evaluation of sample-homogeneity study
Evaluation of sample-stability study
The calculated F values for samples 1-4 were 0.78, 0.47, 1.72 and 2.30, respectively. All the results obtained were less than 4.96, which represents the critical F value for a confidence level of 95%. Considering that there was no significant difference between the mean values of COD determinations during the period of time established, the samples were considered stable for the study conditions. Table 4 samples were normally distributed, with a predominance of results centered on a mean value and few results in the extremes of distribution. Fig. 1 shows an overview of all the z-scores calculated from the data reported by the participant laboratories for the four samples selected. The general impression was that the majority of reported values were satisfactory.
Evaluation of laboratory performance
In addition, Table 5 summarizes participantsÕ results obtained for the different analytical methods used. Taking into consideration the great difference in the percentages of the analytical methods used, only a relative statement could be made. However, as in the 1 st COD-PT ADG , no major differences in the results reported were due to the analytical method used.
It is interesting that 8 participating laboratories (40% of total) reported the four samples satisfactorily, with 62.5%, 25.0% and 12.5% of the data coming from OR-HCM, CR-LCM and OR-LCM, respectively. Solid Samples: 23 z-scores (58%) were satisfactory, 11 z-scores (27%) were unsatisfactory, and 6 z-scores were doubtful (15%). Liquid samples with high concentrations of suspended solids: 28 z-scores (70%) were satisfactory, 8 z-scores (20%) were unsatisfactory, and 4 z-scores (10%) were doubtful. Total samples: 51 z-scores (64%) were satisfactory, 15 z-scores (24%) were unsatisfactory, and 14 z-scores (12%) were doubtful. Although it is generally recognized that the analytical determination of COD samples may be ''relatively easy'' or ''relatively difficult'', it is very tempting to deduce a correlation between the type of sample analyzed and the analytical performance. For normal liquid samples (without suspended solids), the analysis of COD is considered an ''easy'' analytical determination. The results from the Aquacheck PT scheme, which ran for over 20 years, reported a percentage of acceptable results and a relative standard deviation of 91.4% and 5.8%, respectively [12] . The decrease in the overall performance of this PT scheme can be explained by considering the characteristics of the samples selected, which are potentially more difficult to analyze. However, we have no doubt that regular involvement in PT can improve the analytical performance of those laboratories taking part.
Comparisons with data from the 1
st COD-PTADG Generally, PT data are evaluated in the medium-to-long term. Although for the determination of COD in samples difficult to analyze, there have been only two PT schemes, the clear improvement in results reported could be used as ''short-term conclusions'', helping to do away with the generalized notion that solid samples and liquid samples with high concentration of suspended solids cannot be analyzed accurately, as was previously reported [13, 14] .
The data reported in both COD-PT schemes were summarized in terms of z-score values, and are presented in bar-chart form in Fig. 2 COD-PT ADG , we can note that the overall performance of all participants can be considered quite satisfactory.
For solid samples, the z-scores considered unsatisfactory dropped dramatically from 71% to 27%, whilst the z-scores considered satisfactory increased from 21% to 58%. This means an improvement in the result of around 40%.
For liquid samples, the trend was also positive, with an increase in satisfactory results of around 20%.
The overall evaluation of results obtained showed that the participation in COD-PT schemes using solid samples and liquid samples with high concentrations of suspended solids improved the performance of participating laboratories by approximately 30%. This fact can be interpreted as a sign of general improvement, reinforcing the statement that the ability to produce results of acceptable quality for COD determination in ''relatively difficult'' samples seems possible.
Another indicator of the improvement in COD determination was the number of laboratories that reported the four samples satisfactorily. That 8 laboratories (40% of total) reported adequately in the 2nd PT-COD ADG , compared to 2 laboratories (8% of total) in the 1st PT-COD ADG , shows evident improvement. Similar trends of overall performance improvements with participation in PT schemes were described by: i) Whetton and Finch for some analytes of the Aquacheck PT, including COD [12] ; ii) Gaunt and Whetton for analytes from alcoholic and non-alcoholic beverage industries [15] ; iii) Key et al. for foods and feeds [16] ; and, iv) Earnshaw et al. for riboflavin (vitamin B 2 analysis) [5] . Nobody questions the value of PT schemes, and it is universally agreed that a well-founded laboratory must participate regularly in relevant PT. Although further research will be necessary before coming to any firm conclusion, it is foreseeable that future COD-PTs will see further potential increases in COD analytical performance, achieving satisfactory z-score values of around 90% for all the new samples distributed.
Conclusions
The 2 nd COD-PT ADG provided a valuable opportunity for evaluating the general performance of COD determination using samples considered ''difficult'' to analyze. The general performance of participating laboratories was acceptable, with 64% of the z-score values reported considered satisfactory. More significant was the improvement in results compared with the 1 st COD-PT ADG . Specifically, the improvement in the z-score values reported for solid samples and liquid samples with high concentrations of suspended solids was 40% and 20%, respectively. The results obtained demonstrated once more how participation in PT is successful as a way to achieve a good QC within laboratories involved in this type of chemical determinations.
